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Abstract
Wavelength-division-multiplexed technology (WDM) shows considerable promise in
terms of exploiting the large spectral window offered by today's low-loss~optical
fibers. A major process that can limit system performance arises from the self-
phase-matched process of stimulated Raman scattering (SRS). Recent theoretical
and experimental studies have shown that, for an initially fully loaded WDM sys-
tem, SRS can lead to an exponential-like power distribution among channels which
increases as a function of distance.
In this thesis, we demonstrate that solitary-like Gaussian Raman excitations are
possible in massive WDM systems. These self-similar states can propagate undis-
torted among channels at constant velocity. The analysis shows that the velocity of
this SRS exchange increases with the power conveyed by this entity as well as with
its spectral width. The evolution of these excitations under the influence of loss or
noise is considered in detail. Collisions between two such states are also examined,
where it is shown that wave annihilation can take place.
1
It is also demonstrated analytically that spectral inversion can eliminate SRS
crosstalk effects in WDM systems. This result is formally proven by exploiting the
reflection symmetry of the underlying evolution equations that describe the SRS
process in a WDM network. Moreover these results are always valid, irrespective
of the number of channels involved or the particular Raman gain profile associated
with the silica fiber. The theory also implicitly accounts for any gain/loss variations
along the optical fiber. Numerical simulations in amplified fiber systems carried
out using realistic Raman gain profiles support our findings. These results are then
compared to those obtained within the triangular approximation.
2
Chapter 1
Introduction
1.1 Optical fiber networks
The telecommunication industry drastically changed since the first intercity fiber
network was successfully installed in Japan, in 1978. The demand for a system that
could handle the development of the multimedia communications and capable of
providing services at a great rate led to the development of wavelength-division-
multiplexed systems (WDM). Nowadays, WDM systems are used worldwide in ter-
restrial and undersea networks, [1], [2] and are a viable alternative to the traditional
time-division-multiplexing network.
The use of optical fiber communication systems is attractive because of their
high capacity. The window regi~::m in which the optical fibers can operate (that is
3
between 1300 nm and 1550 nm) [3], has been recently increased by removing the
OR-impurity from glass. Therefore, a very large number of wavelengths carrying
different signals can propagate at the same time in the same single mode fiber [4],
[5]. To date, high capacity transoceanic fiber networks can carry more than 20
wavelength channels at a rate of 5 Gbits/s [1]. However, fiber nonlinearities are
known to cause serious limitations to these fiber communication systems [6], [7]. As
a result, over the years there has been a serious effort to minimize their effects [8].
1.2 System limitations arising from fiber nonlin-
earities
The input power in WDM systems tends to increase with the number of channels. On
the other hand, by increasing the launched power, the effects of fiber nonlinearities
are becoming more and more important [7]. As a result, the neighboring channels
interact with each other and thus these non-linear effects can seriously limit the
capacity of the system. Nonlinearities in optical fibers can be classified in two broad
categories [2], [9]: stimulated nonlinearities, and X(3) nonlinearities.
The two stimulated nonlinearities that appear in optical fibers are SRS (stim-
ulated Raman scattering) and SBS (stimulated Brillouin scattering), and are by
4
nature quite similar.· Raman scattering, which will be explained later in detail,
is caused by inelastic light scattering due to vibrational excitation modes of sil-
ica. Brillouin scatteri:Qg on the other hand involves acoustic phonons as opposed
to SRS which involves optical phonons. The gain bandwidth of Brillouin scattering
is narrow compared to the Raman scattering gain and is significant in the back-
ward direction. SBS can be reduced significantly by using optical isolators or by
artificially broadening the linewidth of the light.
Self phase modulation (SPM) and cross phase modulation (XPM) are inelastic
effects, both due to the dependence of the refractive index on the optical intensity.
The effect of SPM tends to broaden the spectrum of the optical signal. The non-
linear phase shift of an optical field caused by other copropagating fields at different
wavelengths is better known as XPM. Four wave mixing (FWM) , which occurs
under special phase-matching conditions, is the nonlinear mixing of three different
frequencies that leads to the creation of new frequency components.
Stimulated Raman scattering is one of the most important effects that occur in
optical fibers, [6], [10], [11], [12], [13]. The effects of SRS on fiber optic systems have
been recently demonstrated in several experiments [14], [15], [16], [17], [18]. In this
thesis, a method capable of cancelling SRS effects in massive WDM networks will
be considered.
5
1.3 Thesis organization
In the following section, we provide an overview of the various nonlinearities in
optical fibers. The origin of Raman scattering is then given in terms of quantum
mechanics.
The SRS power evolution is presented in section 3. AB a first step, we consider
SRS effects in two-channel WDM systems. The evolution of SRS crosstalk in WDM
systems [19], is shortly reviewed in both the discrete and the continuum approach.
In section 4, we predict that Raman-solitary-like excitations are possible in mas-
sive WDM systems. The effects of noise and loss on the propagation of these states
are then investigated. Similarly, we consider collisions between two such states.
The theory of SRS crosstalk cancellation via spectral inversion is given in section
5. These results are always valid irrespective of the Raman gain profile, and or
gain/loss charactristics of the optical fiber.
6
Chapter 2
Background
2.1 Origin of nonlinearities in optical fibers
2.1.1 Nonlinear refractive index
To understand the origin of the nonlinearities in fibers, one has to recall the induced
polarization Pof the electric field [7] in matter. The dielectric reacts in a nonlinear
fashion to intense electromagnetic fields and the polarization can be written as
P= EO[X(1) • E+X(2) : EE + X(3) • EEE + ...] (2.1.1)
where EO is the vacuum permittivity, X(i) is the ith order susceptibility and X(1) :»
X(2) , X(3) ••. etc.
7
The effect of X(1) are associated with the refractive index n and the attenuation
coefficient. In fibers, X(2) = 0 because of the amorphous nature of silica glass.
Instead, the third order nonlinearity generates the lowest-order non-linear effects in
glass. It is related to the non-linear index coefficient by
3
n2 = - Re(x(3) )8n a;a;a;a;
where the refractive index of the fiber is written as
(2.1.2)
(2.1.3)
The linear part of the refractive index is given by n(w). IE21 is of course proportional
to the optical intensity. Equation (2.1.3) shows that n depends on the intensity, via
the so-called Kerr effect.
The nonlinear part of n(w, IE2 1) typically results in a phase change given by
~NL = ,PLe where I is a nonlinear coefficient, and Le the effective nonlinear
distance. This nonlinearity becomes significant when light propagates over large
distances [20], and when the input power density is high, which is the case with the
actual optical fibers.
8
2.1.2 Elastic nonlinearities
Due to the nonlinear part of the refractive index, the peak of a pulse accumulates
phase more quickly than the low-intensity wings. More specifically, the chirp or
instantaneous fr~quency of this pulse is given by 'YLedP/ dt [7]. This effect is better
known as self-phase modulation.
When multiple channels are co-propagating in a fiber, the,phase of each channel
is affected by the other channels through cross-phase modulation [7], [21]. Four wave
mixing originates from the same X(3) nonlinearity which leads to SPM and XPM
but its end effects are totally different. In this process, photons from three waves
are annihilated and new photons are created at a different frequency. Note, that
under phase-matching conditions, FWM can be highly efficient. For example, if we
consider 3 channels co-propagating at f1, f2 and f3, they can interact in such a
way so as a new frequency f1 + f2 - f3 is generated [22]. Since in WDM this can
involve any three channel waves, WDM systems can be greatly affected. Four wave
mixing however can be greatly suppressed in systems with appreciable dispersion
[7].
9
2.1.3 Inelastic nonlinearities
Nonlinear effects such as Raman and Brillouin, are by nature inelastic as opposed
to SPM, XPM, FWM [2], [23]. This means that the wave exchanges energy with
the medium involved and as a result its frequency changes upon interaction. The
nonlinear interaction of light with sound waves or acoustic phonons is described
by Brillouin scattering. During the process, the optical wave excites an acoustic
wave which in turn modulates the refractive index through the photoelastic effect.
This creates an induced sound index grating which scatters the incident wave in
the backward direction. Light is scattered because of the Bragg grating formed by
a wave moving at the speed of sound and the Doppler shift of this new backward
propagating wave is reduced by 2nVs/ A. Vs is the speed of sound in glass and Ais the
vacuum wavelength of the light. The acoustic attenuation of the glass determines the
bandwidth of this process which is about 20 MHz for silica fibers at 1.55j.£m. SBS
can be significantly reduced by artificially enhancing the linewidth of the incident
wave.
Stimulated Raman scattering on the other hand, describes the nonlinear inter-
action between light and molecular vibrations. Compared to SBS, this process can
occur in the forward and backward direction. Moreover SRS occurs at higher power
level than SBS [12] (it is about three order of magnitude lower than the SBS thresh-
old). The bandwidth of the Raman gain profile is larger, of the order of 270 cm-1
10
[24], [25]. In WDM systems, SRS causes the lower frequency channels to be am-
plified at the expense of the higher ones. That is, the power flows from the lower
wavelengths to the highest with a gain depending on the spectral difference between
the channels.
The evolution of the SRS power exchange among channels is described by a
rather involved system of differential equations of the Lotka-Volterra type. The
complexity behind this problem is primarily due to its large degree of interconnec-
tivity. To be more specific, in aN-channel WDM system, power can be exchanged
via SRS in N(N - 1)/2 ways among these N wavelengths. For example, in a 100
channel network, the number of SRS cross-talk flow streams is approximately 5000.
Interestingly enough, this Lotka-Volterra-type problem exhibits a closed form solu-
tion (under the triangular approximation) [19]. This solution is applicable to any
N-channel system with arbitrary power loading and implicitly accounts for pump
depletion effects [19].
2.2 Quantum mechanical origins of Raman scat-
tering
If we consider N nuclei that belong to one molecule, these nuclei are not fixed
into one position. They are vibrating at different vibrational modes. Thus, the
11
dipole moment induced by E is also a function of the instantaneous nuclear position.
The origin of Raman scattering can then be clearly explained by considering the
dependence of the susceptibility on the nuclear position.
Let us first recall that the molecular vibrational levels are quantized according
to (nv +1/2)'hwv , where nv is an integer. When a photon of angular frequency WI
interacts with the molecule in the quantum level nv , and excites it to a higher level
nv +1, the scattered photon has an energy given by 'hwv = 11,(W I - wv ). This is true
for Stokes scattering. If the molecule is de-excited (goes to nv - 1 level), then 'hwv =
'h(WI +wv ) (anti-Stokes scattering).
Our analysis closely follows that of Mills [26]. Let us consider a single molecule
placed in a volume V and at the origin of the system. Its interaction Hamiltonian
can be written as
E
HI = - Jp.dE
o
(2.2.1)
where p is the dipole moment, and E the electric field. We now introduce the dis-
placement observable q that accounts for the nuclear displacement (from equilibrium
position) for a quantum oscillator at frequency W v and of effective mass M:
(2.2.2)
where bv and bt are the annihilation and creation quantum operators of the har-
monic oscillator. On the other hand, after second quantization, the electric field is
12
expressed as
(2.2.3)
The unit vector e associated with the optical mode k, >. (of wave vector k and
wavelength >') is directed along the electric field. The last term involves again ak>'
and at>.' the photon annihilation and creation operators. Therefore, if we consider
the scattering from a photon in a state I to a final state S, (2.2.1) can be written:
HI = -i La{3 Lv a~{3EaE{3q(v)
= ~(2;;wJl/2(WsWI)1/2 La{3 aa{3(v)e(I)e(S)ataI(bv +bt) .
(2.2.4)
Fermi's golden rule allows us to write the number of photons created in the Stokes
process in a simple fashion. The rate will express the photon transition from the
state (nI, n s ) to (nI -1, n s +1) and this result multiplied by NjV gives the rate in
terms of molecules per volume. Thus
dns 8~NWsWI ('h [" (~( ~ ]2dt = V 2Mw) 7;; aa{3 v)e I)e(S) nI(l +ns)(l +nv)8(ws - WI +Wv) .
(2.2.5)
The delta function represents a simplified version of the Raman transition.
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2.3 Stimulated Raman scattering
Raman scattering originates from molecular/nuclear vibrations. SRS arises when a
slow resonance is excited by two optical fields. The two waves have to propagate
at two different frequencies and this difference has to match the molecular resonant
frequency. When the oscillator and the fields interact, a transfer of power between
the two optical fields occurs. During interaction down-shifted (Stokes) and up-
shifted (anti-Stokes) light can arise, but in the case of optical fibers only the Stokes
is dominant. The reason for this, is that the anti-Stokes is phase mismatched during
collinear propagation. Moreover, because of thermal equilibrium, the majority of
molecules is unexcited.
2.3.1 Process of stimulated emission
Equation (2.2.5) gives the transition SRS rate using a Dirac delta function for the
linewidth. However, to be more precise, we have to account for the broadening
of the excitation levels. Thus by introducing a Lorentzian linewidth function, the
transition rate can be written as:
(2.3.1)
14
where Iv is related to the spectral width of the Lorentzian. In that case, following
Ref. [26], one gets
with
dns ( )dt = Gn[ 1 +ns
dn[
dt = -Gn[(l + ns)
(2.3.2)
(2.3.3)
(2.3.4)
As ns is depleting n[, and as a result of conservation of photon, dns/dt = -dnddt.
Conservation of photons dictates that
Therefore, ns can be obtained analytically and it is given by
. eG[1+n I(O)]Z - 1
ns = n[(O) n[(O) + eG[HnI(O)]z •
2.3.2 Raman gain
(2.3.5)
(2.3.6)
The Raman gain profile in optical fibers has its origin in the vibrational modes of
silica. Silica can be modeled as a simple network of Si02 tetrahedras. The Si atom
is the "center" of the structure, surrounded by four oxygen atoms leading to the
tetrahedra.
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One of the modes is known to have 4 oxygen atoms moving all in the same
direction and the Si in the opposite one. This mode is the source of the Raman
frequency at 1065 em-I. The resulting frequency of 800 em-I has its origin in the
mode where all the oxygens move apart from each other, with a fixed position for Si.
The highest peak gain at 400 em-I, and 490 em-I arise from a more complex mode.
In this mode, two oxygen molecules move apart from each other, symmetrically to
Si, and two are more closer to the central Si atom. The profile provided in figure
2.1 shows the Raman gain coefficient as ..a function of the frequency shift [7], [24].
One can measure the FWHM width, which corresponds to 270 em-lor 8.1 THz.
The use of certain dopants in the silica fiber such as Ge02, B20 3 , and P20S, can
increase the peak Raman gain.
2.4 Recent experiments in WDM systems
The processes limiting the capacity of WDM systems are by now well known [27],
[29]. The capacity of WDM systems has over the years increased as a result of
technical progress in high-speed optoelectronics. In many experiments, 20 Gbit/ s
rates per channel have been reported [30], [31]. The highest rate per wavelength
that is currently tested is 40 Gbit/ s. A 1.2 Tbit/ s WDM system has also been
implemented using a NRZ 40 Gbit/s line rate (30 and 35 channels) [3], [32], through
16
85 km of non-zero dispersion fiber. The average power at the input was 1 mW per
channel. The dispersion in the first 40 km of the fiber was positive whereas during
the last 41 was negative. At 10-10 BER, a SNR of 21 dB was measured at the
system output.
In another interesting experiment, WDM transmission was reported with 5 x 40
Gbit/8 over 434 km of single mode fiber using polarization insensitive mid-span spec-
tral inversion [33]. Four wave mixing from optical phase conjugators is polarization
sensitive and requires a polarization independent operation that can be solved with
help of two orthogonally-polarized pumps.
Computer simulations are useful in determining the effectiveness of various schemes
before experimental implementation. A recent simulation [34], explored the condi-
tions for transparent transmission over thousands of kilometers with a speed rate of
100 Gb/ 8 per channel! To achieve these goals, dispersion management is necessary.
2.5 Mid span spectral inversion
Several of the nonlinear processes can be counteracted using spectral inversion.
Using this technique, the signal wavelength is inverted around a pump frequency.
In essence Wm -+ w~ and (w~ - w~) = -(wm - wn ). One of the methods used
to achieve nonlinear compensation is mid span spectral inversion (MSSI), which
17
employs four-wave-mixing [39], and was first proposed in the late 1970s [40], and
demonstrated in the early 1990s [41]. The accumulated effects of dispersion up to
the spectral inverter are cancelled when the signal propagates along the second half
of the mid span. The success of this method, also prompted other investigations
aimed toward cancelling SRS in this way. Note that, mid span spectral inversion is
not absolutely necessary to cancel dispersion [41], [42], [43].
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Figure 2.1: Raman gain profile (solid curve) and its triangular approximation
(dashed line) at Ap = 1 J.Lm.
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Chapter 3
SRS power evolution in a WDM
system
3.1 Coupled-amplitude equations
In the case of a two-channel WDM system, it is easy to find the exact solution
describing the pump and Stokes dynamics. Let denote by Pp(z) the intensity of the
pump and by Ps(z) the Stokes intensity. Power flows from the pump to the Stokes
via SRS according to:
dPp(z)
dz
dPs(z)
dz
20
(3.1.1)
where w is the angular frequency, a is the fiber attenuation coefficient at the given
frequency, and 90 accounts for the Raman gain. In fact, the Raman gain coefficient
is given by 90 = 9r/(2A), where A is the fiber effective cross-sectional area, and 2
accounts for polarization scrabling. Let us assume that as = ap since the spectral
separation between the two channels is small. Moreover, let in Eq. (3.1.1) W s = wp ,
i.e. we neglect any vibrational energy loss. By adding the two equations in (3.1.1),
we obtain
Integrating 3.1.2, one gets
d(Pp + Ps ) _ _ (p. D)dz - a p +.£s . (3.1.2)
(3.1.3)
where Po is the total intensity of the 2 beams at the origin (Po = Ps(0) +Pp(0)).
Using (3.1.3) in (3.1.1), one obtains
dP. (z)
;z +Pp(z) [a +90Po(z)e-az ] 90P;(z)
d~~Z) +Ps(z)[a - 90Po(z)e-az ] - 90P;(z)
The above equations can be easily integrated and the final result is:
where (3 = Ps(O)/Pp(O).
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(3.1.4 )
(3.1.5 )
3.2 Undepleted pump approximation
The pump depletion approximation is valid when Ps(z)/Pp(z) « 1. That is when
the signal power is small compared to the pump during propagation. In that case,
j
the pump decays mainly because of attenuation. 'Thus, when the undepleted pump
approximation is applicable one finds:
3.3 Effective interaction length
(3.2.1)
One can define an effective interaction length that describes nonlinear interaction
in the presence of loss. When loss is not constant over a fiber system, the effective
length is given by (see section 5):
z'
Z J ( ") II
J - a:z zZe(Z) = e 0 dz' .
o
(3.3.1)
As we will see in section 5, this form of Ze is very useful when dealing with arbitrary
loss/gain profiles. If the fiber loss a is constant over the entire fiber system, then
22
the effective length is given by:
(3.3.2)
Note that in this later case, for large distances the effective distance is rv 1/a.
3.4 Raman threshold
The input pump power Po for which the Stokes (from spontaneous noise) and pump
power are the same at the fiber output L is called Raman threshold, i.e.
(3.4.1)
From (3.2.1), one can approximately write the Stokes power as:
(3.4.2)
Pso is the effective input power given by Pso = "hwsBe!!, where Be!! is the effective
bandwidth of the Stokes wave centered at the gain peak at w = W s ' The Raman
threshold can be rewritten in means of (3.4.1) and (3.4.2):
P _ P egrPoZe/Ao - so . (3.4.3)
The assumption of a Lorentzian gain spectrum permits (3.4.3) to be simplified to
(3.4.4)
23
for forward Raman threshold. The backward SRS threshold is obtained by replacing
the factor 16 by 20 in (3.4.4).
3.5 Discrete and continuum approach for SRS cross-
talk in WDM systems
3.5.1 SRS power evolution in the discrete domain
We begin our analysis by considering N wavelength channels co-propagating in a
single mode optical fiber. We assume that all channels lie within the linear portion
of the Raman gain curve in which case the triangular approximation can be employed
[44]. Moreover, they are equally spaced in the frequency domain. These channels
interact via SRS with power flowing from the higher frequencies (acting as pumps)
toward the lower ones. Let channel #1 be the lowest propagating wavelength and
N the highest. In this case the SRS power exchange among channels is described by
the following set of ordinary differential equations [19]:
(3.5.1)
where Pn(z) is the power in the n-th wavelength channel, z is the propagation
distance, a is the fiber attenuation coefficient, g' = dg/df represents the slope of
24
(3.5.2)
the Raman gain profile (in the triangular approximation), ~f is the interchannel
frequency spacing, and A is the effective cross-sectional area of the single mode fiber.
In deriving Eq. (3.5.1), the gain has been divided by 2 to account for polarization
averaging, and it was implicitly assumed that wn/wm ~ 1, i.e. we have neglected
any vibrational energy loss. Eq. (3.5.1) is valid under CWor quasi-CW conditions
(when long temporal pulses are involved) and thus walk-off effects among channels
can be omitted [45], [46], [47]. Essentially, this represents the worst case scenario
for SHE crosstalk in a WDM communication system [22], [45], [46].
As it has been previously shown, Eq. (3.5.1) exhibit the following general closed
form solution [19]:
P. J. e-a.zenGJTZeP
n
(z) = ---::n;-::--T _
L: PmoemGJTZe
m=1
where G = g'~f/2A, Ze = (1 - e-=)/a is an effective propagation distance, and
N
JT = L: Pno is the total input power to the system with Pno representing the power
n=l
of the n-th channel right at the origin. In the case where all channels were initially
equally loaded, it can be easily shown that the power distribution takes the form
[19]:
(3.5.3)
Note that, according to Eq. (3.5.3) the power distribution in this case is exponential,
I.e. Pn(z) is proportional to eGJoNZe/2. We assume a single mode WDM system
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operating near A = 1.55 p,m. At this wavelepgth range, the Raman gain slope is
g' ~ 4.9 X 10-18 m/(W.GHz). The cross-sectional area of the fiber is taken to be 50
p,m2 and the WDM system involves 80 channels equidistantly spaced with I:::..f = 50
GHz. Figure 3.1 shows such a distribution of 80 channels, each equally loaded at
the origin with 1mW. The distribution (in dBm) is given at the origin, after 25 km,
50 km, 75 km, 100 km. The effects of loss are neglected in Fig 3.1(b), but are taken
into account in Fig. 3.1(a). As predicted [19], the distribution is linear in the dBm
scale.
3.5.2 Power evolution in the continuous domain
In addition, Eqs. (3.5.1) can also be considered within the continuum approxima-
tion. This is done by mapping the discrete index n onto a continuous variable x
and by replacing the sum through integration. In this case, the discrete set of Eqs.
(3.5.1) takes the form of an integra-differential equation [19]:
8P(z x) 1+008z' +O'.P(z, x) +GP(z, x) -00 (",- x)P(z, ",)d7J = a
The general solution of the above equation is given by:
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(3.5.4)
(3.5.5)
where Po(x) is the launched power distribution at z = 0 and JT is the total power
at the input, i.e. Jr = JPo(x)dx.
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Figure 3.1: (a) WDM system of 80 channels, each loaded with 1 mW, and with fiber
loss included (0.2 dB / km). Distribution at the origin (dotted line), 25 km (dashed
line), 50 km (dot-dashed line), 75 km (cross), 100 km (solid line). (b) same as in
(a) without loss
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Chapter 4
Solitary-wave solution
4.1 Exact solitary-like solution
4.1.1 Power evolution of a Gaussian distribution
We now show, that the integra-differential Eq. (3.5.5) describing SHE power ex-
change among WDM channels can exhibit the following exact solitary-like solution,
[48] (Appendix A):
[
-(x - vZ )2]
P(z, x) = Poe-az exp x~ e (4.1.1)
Equation (4.1.1) clearly indicates that this Gaussian self-similar solution can prop-
agate undistorted (in a solitary-like fashion) among channels during propagation.
The term X o is associated with its spectral extent, v represents the velocity at which
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this excitation travels from channel to channel and Po is the peak power of this
Gaussian distribution. Evidently, to launch this self-similar state, the input power
distribution must be Gaussian, i.e.
(4.1.2)
The spectral velocity of this excitation is obtained from (Appendix A)
(4.1.3)
Equation (4.1.3) shows that this velocity is proportional to the input peak power Po
and the cube of the spectral extent. The total power launched in this configuration
IS
(4.1.4)
and thus v ex: JT x~. The channel shift as a function of distance is given by vZe:
(4.1.5)
4.1.2 Propagation of a single state
To illustrate the properties of these self-similar states, let us assume a single mode
WDM system operating near A = 1.55 J.Lm. At this wavelength range, the Raman
gain slope is g' ~ 4.9 X 10-18 mj(W.GHz). The cross-sectional area of the fiber is
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taken here to be 50 J.Lm2 and the WDM system involves 80 channels equidistantly
spaced with 6.f = 50 GHz.
Figure 4.1 depicts the envelope of such a Gaussian Raman excitation in a lossless
optical fiber (loss compensated by amplifiers) when its initial spectral width is X o
= 10. The total power launched in the fiber is assumed to be JT = 1 W, in which
case Po Rl 56.4 mW. The velocity of this configuration can be obtained from Eq.
(4.1.3) and is v = 0.12 km-1• The wave propagates in a solitary wave fashion from
left to right in the figure and at z = 98 km its peak has moved by ,..., 12 channels. In
comparison, a Gaussian excitation of initial spectral width X o = 5 and of same total
input power JT = 1 W travels at a velocity v = 0.03 km-1, that is 4 times slower.
4.2 Effect of noise and loss
4.2.1 Effects of loss
Figure 4.2 shows what would happen to the configuration described in Fig. 4.1 if
fiber losses are taken into account. In this example, X o = 10 and JT = 1W. For this
example we assume that the fiber loss is 0.2 dB /km and thus a = 0.046 km-1. As
expected the power distribution decays exponentially as it travels along the fiber,
and at the same time it is slowing down in agreement with Eqs. (4.1.1) or (4.1.5).
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As one can see, -after 49 km, the envelope shifts by rv 2 channels instead of 6.
4.2.2 Spontaneous noise
Up to this point, the dynamics of these self-similar states have been investigated in
the absence of noise. In other words, any channel excitation arises from the Gaussian
wave itself. In reality however, there is always a spontaneous CW background noise
that flows in each channel even in the absence of any initial excitation [7]. Figure
4.3 shows the evolution of the solitary Raman wave when the effective level of the
spontaneous noise in each channel is 10 nW. In this case JT = 1W, X O = 10 and the
system exhibits zero loss. Up to 90 km, the wave propagates practically undistorted
and its peak moves by 11 channels. However after rv 90 km, the presence of noise
leads to an appreciable SRS power transfer to the highest channels (low frequency
channels). The noise tail accumulated at channel #80 is indicated by the arrow in
Fig. 4.3. As a result this self-similar Gaussian solution disintegrates and at bigger
distances it looses its identity. lion the other hand the system is lossy, one may
show that this noise induced disintegration can be significantly suppressed. In this
example, noise at 440cm-1 away from the WDM cluster was neglected by assuming
that proper spectral filtering was employed.
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4.3 Limits of the WDM continuum approxima-
tion
It is worth noting that in most cases, there is very little difference between the
envelope obtained in the continuum approach, Eq. (4.1.1), and the exact envelope
of the discrete power spectrum given by Eq. (3.5.5). However, a small difference
can be seen if X o is rather small.
The Raman Gaussian excitation exhibits a constant spectral shift up to the point
where it reaches the longest wavelength involved. When this occurs, the spectrum
experiences a deformation and remains no longer Gaussian. Figure 4.4(a) shows how
this state will behave when it "hits" the wall. In this case, the envelope given by
the continuous approximation is not exactly valid. The difference though between
the two approaches remains small.
Noise may also affect the validity of this approximation. Figure 4.4(b) shows
these effects. If the noise effects are appreciable, then one should use Eq. (3.5.2)
instead of Eq. (3.5.5).
4.4 Collision of two identical states
We now consider the collision properties of these SRS solitary states.
33
Let us first examine the case when two identical SRS solitary states collide accross
channels. Figure 4.5 shows the collision of two identical distributions, each one with
Xo= 10 and peak power Po = 56.4 mW. In the absence of each other, their velocity
is V o = 0.12 km- I . The total power in the system is JT = 2 W. We assume zero
losses and we don't account for noise effects. Both collide in such a way so as the
resulting wave (after 30 km) has a distribution with X o - 10 and g = 113.8 mW,
that is PI = 2 Po. Eq. (3.5.5) shows, that the velocity is now VI = 2vQ.
4.5 Collision of two different states
We consider here the first state to be broader with X o = 10, JT = 1.82 W, and a peak
power of Po = 103 mW. The second one is narrow with Xo = 1, JT = 0.18 W, and
.
Po = 103 mW. In the absence of each other, these states will propagate undistorted
with velocities v = 0.22 km- I and 2.23 X 10-4 km- I respectively, and thus one
expects the broader one to overtake the narrow excitation in the channel' domain.
Moreover, the spectral difference between these two states leads to considerable
SRS power exchange as shown clearly in Fig. 4.6. For this example, at about
100 km, the broader wave has been amplified at the expense of the narrow after
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completely overtaking it. After 130 km, the end result is a Gaussian-like SRS
state of approximately the same spectral width as the original broad wave. This
configuration travels faster (v = 0.245 km-1) since its total power JT is the sum of
the other two.
Figure 4.7 shows a collision for the same excitations when they were initially
positioned in reverse order in the frequency domain.
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z = 150 km (solid curve).
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Chapter 5
Theory of SRS cancellation in
WDM systems via spectral
• •InverSIon
5.1 Theory of spectral inversion
5.1.1 Spectral inversion for WDM systems
Recent theoretical [19] and experimental studies [16] have shown that, for an initially
fully loaded WDM system, SRS can lead to an exponential-like power distribution
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among channels which increases as a function of distance. A possible way to coun-
teract SRS crosstalk effects in WDM networks is to use spectral inversion [8], [49].
Thus far, WDM spectral inversion has been successfully demonstrated using four-
wave-mixing [49], [50], [51], [52], [53], [54], [55] or difference frequency generation,
[49], [56], [57] techniques. Even though the idea of SRS crosstalk cancelation using
mid-span spectral inversion was suggested sometime back [36], this was theoreti-
cally proved for WDM systems with only two channels under CW conditions [58].
It is important to note however, that at this point there is no analytical proof as to
whether spectral inversion techniques will still work (to cancel SRS) when an arbi-
trary number of channels is involved or when the fiber loss/gain varies as a function
of distance. Even more importantly, it is still unclear as to how the actual shape of
the Raman gain curve may affect these results.
In this chapter, we analytically demonstrate that spectral inversion can indeed
eliminate SRS crosstalk effects in WDM systems. This result is formally proved by
exploiting the reflection symmetry of the underlying evolution equations that de-
scribe the SRS process in a WDM network. Moreover these results are always valid,
irrespective of the number of channels involved or the particular Raman gain profile
associated with the silica fiber. This theory also implicitly accounts for any gain/loss
variations along the optical fiber. Numerical simulations in amplified fiber systems
carried out using a realistic Raman gain profile support our foundings. These results
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are then compared to those obtained within the triangular approximation where an-
alytical results are known to exist [19].
5.1.2 General solution
Let us consider N wavelength channels co-propagating in a single mode fiber optic
system. Let us assume that channel #1 represents the lowest propagating wave-
length and #N the highest. Moreover, we assume CW or quasi-CW conditions in
each channel (long temporal pulses), in which case walk-off effects can be omitted
[7]. Essentially, this represents a worst case scenario for SRS crosstalk in a WDM
communication system. Under these conditions, the SRS power exchange among
channels is described by the following set of ordinary differential equations [6], [7],
[19], [44]:
(5.1.1)
In (5.1.1), Pn(z) represents the power in the n-th wavelength channel, W m is its
angular frequency, z is the propagation distance, and a(z) is the fiber loss/gain
profile (depending on whether a is positive or negative) as a function of distance.
A is the effective cross-sectional area of the fiber and GR(O) represents the Raman
gain profile of silica as a function of n. In deriving (5.1.1) we made the reasonable
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assumption that Wn/wm ~ 1 [6], [19]. Note that GR(n) is an odd function of n, Le.,
At this point it proves convenient to introduce the following coordinates and
transformations:
z
Pn(z) = Qn(z) exp[-Ja(z')dz']
o
Z Zl
17 = Jexp[-Ja(zll)dzll]dz'
o 0
(5.1.2a)
(5.1.2b)
By using (5.1.2a) and (5.1.2b), one can readily show that the differential equa-
tions of (5.1.1) take the following form (see Appendix B):
(5.1.3)
Note that by introducing the new coordinate "l, we have "removed" the loss/gain
term in the evolution equations (5.1.3). In other words, the entire loss/gain profile
is now implicit in the new coordinate 'rI. Moreover, equation (5.1.2b) clearly indi-
cates that there is one to one correspondence between z and 17. In turn, Pn can be
determined in terms of the auxiliary power amplitudes Qn' Let us now assume,
that spectral inversion occurred after a certain propagation distance "l. In that case,
Wm ~ w~ and w~ - w~ = -(wm - wn) [49], [58]. Using the odd properties of the
Raman gain function GR(n) and by introducing a reflection transformation "l = -17'
in (5.1.3), it is then easy to show that after inversion, every Qn evolves exactly
according to (5.1.3) along the reflected coordinate 17'. Thus, the system evolves in
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reverse order (backwards) and as a result the SRS exchange is completely cancelled
out after the same propagation distance "l. Moreover (5.1.2a) indicates that the final
z
power amplitudes Pn are not necessarily the same since Ja(z')dz' may not be zero
o
at the output. It is important to notice that, for spectral inversion to work, "l must
be twice as much at the output of the system.
The above result is general since it relies on the reflection symmetry of the SRS
evolution equations. It clearly shows that spectral inversion can always counteract
SRS crosstalk in WDM systems irrespective of the specific Raman gain profile or the
loss/gain variations along the optical fiber. Furthermore, this can be accomplished
whether the channels are equidistantly spaced in the frequency domain or not.
5.2 Loss/gain management
5.2.1 Two-span system
Let us now consider the scheme of Fig. 5.1(a) in order to find the corresponding "l-Z
map. As previously shown, the effective distance "l as a function of the fiber length
Z Zl
is given by "l = Jexp[- Ja(z")dz"]dz'. The amplifier of the system shown in Fig.
o 0
5.1(a) at Zl exhibits a gain of eGo. In that case,
(5.2.1)
47
and therefore equation (5.1.2b) gives
for Z ~ Zl
for Z > Zl
(5.2.2)
Note that, the amplifier is simulated as a dirac function but one could have used
any other similar function as well.
Given the length of the fiber spans involved, the amplification Go can then be
determined so as to satisfy the 2"l condition at the system output. Figure 5.1(c)
and 5.1(e) show the "l-Z map of this system as obtained from (5.1.2b) for different
amplifier gains. The fiber loss is 0.2 dB/km in all simulations. In Fig. 5.1(b),
Zl = 100, and Go = 5. The effective distance at Zl is "l = 21.52 km. The fiber
length at which the SHE crosstalk will be canceled out (corresponding to 2"l) is
equal to Z2 = 23.7 km. On the other hand, when Zl = 100, and Go = 5.5, the total
fiber length is much shorter, since Z2 = 11.2 km as shown in Fig. 5.1(e).
5.2.2 Mid-span inversion
Here, we consider a mid-span inversion system with amplifiers spaced periodically
having a gain that compensate exactly the loss of one fiber section. Therefore, the
"l-Z curve between two amplifiers keeps always the same shape. The "l-Z map of such
a system is shown in Fig. 5.2, where the fiber loss is 0.2 dB/km. The distance Zl
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between each amplifier is 100 km and Go = 4.6. The equation (5.1.2b) applied to
this case gives (Appendix C)
(5.2.3)
where k is the number of spans on the left side of z (the integer part of Z/Zl)'
5.3 Analytical results
The above results can also be demonstated analytically in the case where the trian-
gular approximation is valid and thus exact solution exist [19]. For simplicity, we
take a mid-span inversion system. Moreover, in this case, it is more convenient to
monitor the spectral inversion process in the following way. Let us denote by Pn
the power of the n-th channel in the first portion of the fiber, and P~ in the second
one. Also J~ = E P~. Then, let us assume that the spectral inverter converts Pn
to P;"-n+l where N is the maximum number of channels. As power is conserved,
JT = J~. Therefore, Eq. (3.5.2) can also be applied to P~. Using Eq. (3.5.2) and
the previous properties, it can be shown (see Appendix D) that the power at the
system output is
(5.3.1)
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where L is the fiber length. That is, the power carried by channel # n at the output
of the second fiber is identical to the initial power in channel # N - n +1 in the
first span.
5.4 Illustration of spectral inversion systems
An example of SRS cancellation in WDM systems using the previous loss/gain
profile is given in this section. Let us consider a WDM system of 120 channels
equally spaced in the frequency domain with ~f = 100 GHz. The fiber operates
near A= 1.55 J.lm and its loss at that wavelength is 0.2 dB /km. The cross-sectional
area of the fiber is taken to be 50 J.lm2• We assume that the power level in each
channel is 1 mW. Fig. 5.3 shows the evolution of the power distribution when the
Raman gain curve of Fig. 2.1 was used, and by assuming the loss/gain profile of Fig.
5.1(c). The frequency distribution is shown after 100 km right after the amplifier,
and at the output, Le. 123.7 km. As one can see, the power level at 100 km is
not a straight line since the simulation was done with the exact Raman gain profile.
Fig. 5.3 shows that the accumulated crosstalk (the difference between the highest
and lowest channel) at 100 km is 5.9 dBm. At Z2 = 123.7 km, the crosstalk was
completely eliminated as shown by the horizontal line at -3 dBm.
It is interesting to note, that the linear power distribution (for example at z =
50
100 km) could have been obtained from analytical results based on the triangular
approximation [19]. Effectively, this is done by approximating the Raman gain
profile with a straight line (as shown in Fig. 5.3) with gl = 4.34x 10-18 m/(WGHz).
The power distribution resulting from these analytical expressions is shown in Fig.
(12) by a dashed line, from where it is apparent that the analytical results are in
good agreement with those obtained using the actual Raman gain profile. It is
important to note that the power distribution is almost linear in the dBm scale,
in agreement with recent theoretical and experimental results [16], [19], obtained
within the so-called triangular approximation.
Note that, when low amplification is used, the loss is not totally compensated.
In the present case, one can add an amplifier at the output to bring the power level
back to the initial one. In the case of Fig. 5.3, the amplifier must be about 3dB
in order to bring the power level back to 120 mW (0 dBm in each channel). These
results were obtained by directly solving Eq. (5.1.1), with the help of Runge-Kutta
numerical techniques.
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5.5 Conclusion
The above example demonstrates that spectral inversion can cancel SRS crosstalk
effects without necessarily using mid-span spectral inversion. In fact, the two fiber
lengths can be different as long as the amplifier gain has been chosen appropriately.
The amplifier should only be positioned mid-way in the 'f/ length scale which is not
necessary identical to z.
In conclusion, by employing the reflection symmetry of the underlying evolu-
tion equations, it was theoretically demonstrated that stimulated Raman scattering
crosstalk in wavelength-division-multiplexed systems can be totally eliminated using
spectral inversion techniques. This result was found to be always valid, irrespective
of the specific shape of the Raman gain curve, the number of channels and channel
spacing or the loss/gain profile along the optical fiber system.
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Chapter 6
Summary
Solitary-like Gaussian Raman excitations where found to be possible in massive
WDM systems. These self-similar states can propagate undistorted among channels
at constant velocity. The behavior of these excitations during collisions and under
the influence of noise or loss has been investigated in detail.
By employing the reflection symmetry of the underlying evolution equations,
it was theoretically demonstrated that stimulated Raman scattering crosstalk in
wavelength-division-multiplexed systems can be totally eliminated using spectral
inversion techniques. This result was found to be always valid, irrespective of the
specific shape of the Raman gain curve, the number of channels and channel spacing
or the loss/gain profile along the optical fiber system.
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Appendix A
Proof of Expression (4.1.1)
Let us start from Eq. (3.5.5):
(A.I)
where Po(x) is the launched power distribution at z = 0 and JT is the total power
at the input. Let us use the following distribution for Po(x)
(A.2)
In that case, from Eq. (A.I) we get:
(A.3)
By regrouping the exponentials and by dividing with Po,
(AA)
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One can notice that the total power can be found from (A.2):
(A.5)
and thus
(A.6)
Using the expression of JT , and the transformation J1- = GPoxo;:;, (A.4) can be
expressed as
(A.7)
By noting that:
(A.8)
and by taking a = I/x~, Eq. (A.7) gives:
(A.9)
or:
Let us introduce a new variable v equal to:
J1-X~ GPox~;:;
v = -2- = --2';;"";"- .
That allow us to write (A. 1) in the final form:
[
-(x - vZ )2]P(z, x) = Poe-o.z exp x~ e
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(A.I0)
(A.11)
(A.12)
Appendix B
Proof of Expression (5.1.3)
The SRS power evolution in aN-channel WDM system is given by:
Let us first introduce the following transformation:
z
Pn(z) = Qn(z) exp[-Ja(i)dz'] .
o
Equation (B.l) becomes:
dQn(z) z
d +Qn(Z):z[- Io:(z')dz'] +a(z)Qn(z)+
z 0
z N(lj2A)Qn(z) exp[- I a(z')dz'] L: GR(Wm- wn)Qm(z) = 0 .
o m=l
The second and third term cancel, i.e.,
(B.2)
(B.3)
. dQ (z) z N
;z +(lj2A)Qn(z) exp[- Ja(z')di] L GR(wm- wn)Qm(z) = 0 . (B.4)
o m=l
"
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If we now let:
z z'
ry = Jexp[-Ja(z")dz"]dz' .
o 0
and noting that
z
d dry d - Jo:(z')dz' d
-=--=e 0 -dz dzdry dry ,
then Eq. (BA) takes the form:
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(B.5)
(B.6)
(B.7)
Appendix C
Proof of Expression (5.2.3)
Let us consider a mid-span inverter with equally spaced amplifiers every L km.
The amplifier's gain is assume to cancel exactly the loss accumulated during the
length L. One can for example approximate the amplifiers to a dirac function (as in
5.2.1), or one can approximate them with a step function. In the second case, the
gain given by the amplifier is over a small distance e necessary to compensate for
a f, the fiber loss. The period of this system is therefore L, with a f over L - e and
af(L - e)/e over a distance e. The effective distance measured over a distance z
becomes:
recalling that
,,,
L-e L z _ JCt(z")dz"
"1(z) = J+J+... +Jdz'e 0
o L-e kL
,,,
z _ JQ(z")dz"
"1 = Jdz'e 0
o
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(0.1)
(C.2)
Eq. (C.1) can be easily solved:
Since c ~ L, the first therm of Eq. (C.3) can be simplified to ;, (1 - e-Ct,L), and
the second term can be neglected. This leads to the final result of Eq. (5.2.3):
(0.4)
Note that, the same result is obtained with any function (for instance taking a
dirac function) as long as the loss is completely compensated in each period.
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Appendix D
Proof of Expression (5.3.1)
The power evolution in the WDM system before and after spectral inversion is
given by Eq. (3.5.2). After inversion, the N channels are inverted and channel n goes
to (N-n+l). The power distribution for channel n after inversion can be written as:
(D.l)
At the system output, p~ is given by
(D.2)
where ZL is the effective distance at the output, i.e. Zeff(L). By replacing P~(O)
by PN-n+l(L), and by applying the condition of power conservation (J~ = JT ), Eq.
(D.2) becomes
(D.3)
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Note that the fiber length before and after the inverter is identical and ~ual to L.
We notice that
N NL: PN_m+1(L)emGJTZL = L: Pm(L)e(N-m+l)GJTZL (D.4)
m=l m=l
and we write Eq. (D.3) as
(D.5)
Using the expression of PN- n+1(L) with Eq. (3.5.2), P~(L) becomes
(D.6)
After simplifying, Eq. (D.6) gives P~(L) = e- aLPN-n+1,o' Since the loss is
cancelled at the mid-span via an amplifier, the final result is written as
~
P~(L) = PN - n+1,o .
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(D.7)
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